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INTRODUCTION
A small group of diverse, parasitic protozoa has significant impact on the mucosal health of humans. Historically these organisms have included Giardia duodenalis, Trichomonas vaginalis, and Entamoeba histolytica. More recently, gastrointestinal infections have been associated with Blastocystis hominis, Cryptosporidium parvum, Isospora spp., and Cyclospora spp., although these organisms are of contentious phylogeny. Collectively, they infect over one billion people each year. G. duodenalis, E. histolytica, B. hominis, and C. parvum parasitize the gastrointestinal tract, where they cause diarrhea, dysentery, and associated symptoms. E. histolytica can also invade the gut epithelium and subsequently other organs, where it forms abscesses which can be fatal if left untreated. T. vaginalis is sexually transmitted and adheres to the epithelium of the vagina, resulting in a range of symptoms from vaginitis and discharge through pelvic inflammatory disease to preterm delivery and low birth weight concomitant with increased mortality.
The basic metabolism of these protozoa appears to be anaerobic and microaerotolerant, although differing in extent in each case. Anaerobicity protects the key, low-redox-potential metabolic enzyme pyruvate:ferredoxin oxidoreductase and ferredoxin, which also activate the nitroimidazole drug metronidazole, the front line of defense against G. duodenalis, E. histolytica, and T. vaginalis. Metabolic pathways such as these, which are found in anaerobic bacteria that are also susceptible to metronidazole but not in other eukaryotes, strengthen the idea that these protozoa are very early diverging in the eukaryotic lineage. There are no recommended, successful therapeutic strategies for C. parvum as yet, and little is known about mechanisms of drug resistance for this parasite or for Blastocystis, Isospora, and Cyclospora spp. Less common gastrointestinal infections, particularly by other flagellates and coccidians, may also include protozoans with uncharacterized anaerobic metabolisms. This review concentrates on data which have been published or upgraded after earlier extensive reviews on specific organisms and which are quoted in the text.
GIARDIA DUODENALIS
G. duodenalis, also known as Giardia lamblia and Giardia intestinalis, is a flagellated diplomonad and the most commonly detected flagellate and protozoan in the intestinal tract (123) . The trophozoites were first noted by von Leeuwenhoek in 1681 in his own stools. A morphologically identical organism infects over 40 animal species (103) and is regarded as zoonotic by the World Health Organization (WHO). There is evidence, however, that host range can be restricted (190, 205) , and there is a lack of evidence for the extent of zoonosis (209) , so that animal reservoirs of human outbreaks have not been clearly identified, although they are possible (82, 91) . In cold climates, the cysts which are the infective form of the parasite can survive in water sources for months (226) . Although large outbreaks have been linked to contaminated water (123) , the fecal-oral route is regarded as the major source of infection, particularly in countries where the water is warm or there is little drainage and no reticulated water supply (143) . This premise is supported by the prevalence of giardiasis in child care centers and nursing homes for the elderly (39, 136, 232) . The WHO estimated that 280 million people are infected each year. The incidence may be very high in children in developing countries and decreased to 2 to 7% in some industrialized nations (59, 123) . Incidence varies significantly with locale (63, 65) . More recently, the WHO has estimated that 3,000 million people live in unsewered environments in developing countries and the rate of giardiasis among them approaches 30%, suggesting that there are closer to 1,000 million cases of giardiasis at any one time, contributing to 2.5 million deaths annually from diarrheal disease (WHO press release, 1998).
A study of 200 patients with diarrhea in a 2-week window at a drought rehabilitation camp in Korem, Ethiopia, showed that 98% of apyrexic patients carrying trophozoites of Giardia or Entamoeba had dysentery (45) . Giardia is the most common cause of chronic diarrhea in travelers (59, 232, 239) . Although infections vary from asymptomatic through diarrhea and weight loss to profound weight loss and failure to thrive, there are currently no genetic markers or classification systems to distinguish pathogenic from nonpathogenic strains, notwithstanding various isoenzyme (6, 129, 190) , DNA fingerprinting (203, 207) , and electrophoretic karyotyping (220, 221) techniques to identify isolates. Nonclonal infections add to the complexity of identifying pathogenic or virulent strains (199, 207) .
The organism is ingested as the inactive cyst form, which excysts to the active trophozoite form in the duodenum after passage through the acid environment of the stomach. Trophozoites graze on the duodenal or jejunal mucosa and reproduce by binary fission (1, 54, 103) , after which they encyst, probably induced by passage through the local environment, including low cholesterol levels (71, 120) . Detection methods in both patients and water supplies have recently been reviewed (2, 112, 123, 226) .
Giardia Infection
The incubation period is 1 to 2 weeks after ingestion, following which various grades of symptoms, including nausea, stomach cramps, diarrhea, and vomiting, ensue. The acute stage can last from 3 to 4 days but can persist for much longer (1) . In children, a failure-to-thrive syndrome may occur (59) , and in the developing world, giardiasis is an important cause of morbidity (29) . Persistent infection and diarrhea may occur in immunocompromised individuals, e.g., immunoglolubin A (IgA) deficiency or variable immunodeficiency, but is less obvious in cases of AIDS (1, 59, 82) .
Infestation by the organism causes decreased small intestinal brush border surface area, microvillus and villus atrophy, enterocyte immaturity, disaccharidase and luminal enzyme deficiencies, and malabsorption of electrolytes, a multifactorial pathogenesis which is not well understood (29) . A number of other symptoms have been associated with giardiasis (82), but these have not been routinely or consistently found.
Similarly, granulomatous hepatitis and cholangitis have been associated with chronic diarrhea attributed to giardiasis (163) . A more recent survey of 25 patients with giardiasis and high liver enzyme values demonstrated return to normal function after antiparasite therapy (182) . This involvement may be consistent with poor fatty acid uptake and steatorrhea in giardiasis (59) ; previous anecdotal observations regarding other symptoms may therefore have a stronger foundation, but vary with the host patient (e.g., immunological status), parasite burden, or strain.
Such a benchmark example was recently described for a Giardia isolate which was found to be lethal for sulfur-crested cockatoos (204) . This strain was genetically similar to human isolates and was infective for mice, in which it established a chronic infection with high parasite burdens; the mice also lost up to 20% of their body weight, mimicking the human failureto-thrive syndrome (204, 205) . This is the first report of a bird isolate infecting mammals. Similarly, it is not known why symptoms range from a carrier state to failure-to-thrive syndrome, although a gene was recently reported which has 57% homology with the sarafotoxins, which cause stomach cramps, nausea, diarrhea, and vomiting (37) .
The Giardia toxin homologue is only present in some isolates and subject to the silencing of telomeric position effects, where expression can also be induced to very high levels (219) . This region of the genome is also mobile among chromosomes. The gene is a member of a family of genes which vary via a cassette-like mechanism (38, 215, 220) and is not present in all isolates (219) . Such complex expression patterns of genes encoding diverse toxin and cell-signaling molecules may explain the variability in symptoms.
A recent report by the European Commission (154) suggested that Giardia be targeted for vaccine development, which may complement the use of drug treatment.
Genes from Giardia were first cloned in 1987 (202) . A recent review has described the plasticity in the organization and structure of the Giardia genome analyzed by electrophoretic karyotyping, chromosome mapping, and strain analysis, showing variable ploidy, aneuploidy, and accessory chromosomes (220) . The proximal subtelomeric regions are particularly dynamic, with recombination occurring among gene blocks (telomere gene units) inserted into the repeated telomeric ribosomal DNA (rDNA) arrays and also within cassettes in cysteine-rich protein genes encoded in those gene units. The gene units are under the silencing control of a telomere position effect, are mobile within the genome, and vary among isolates (37, 219, 220) .
Giardia Metabolism
Giardia is amitochondrial and asexual. Its metabolism is glycolytic and fermentative (22, 92, 110, 131) , with the terminal part of the glycolytic pathway being executed by the anaerobic bacterial homologue pyruvate:ferredoxin oxidoreductase (PFOR) replacing pyruvate dehydrogenase found in aerobic organisms (22, 196) . The protein has been purified and characterized (196) . ATP is generated by substrate-level phosphorylation; the tricarboxylic acid pathway found in the mitochondrion of aerobic eukaryotes is absent, although malate dehydrogenases are present. The gene for malic enzyme has been cloned (168) . Electrons from PFOR are transferred to ferredoxin(s), of which three have been described (194) ; the major one has been sequenced and its gene has been cloned (P. Upcroft, J. A. Upcroft, D. M. Brown, and C. Kennett, unpublished data). Some enzymes in the glycolytic pathway are dependent on PP i instead of ATP, suggesting a more primitive use of PP i bond energy (127) . No cytochromes have been found in Giardia. A terminal oxidase which converts oxygen directly to water scavenges oxygen from this microaerotolerant organism to protect the anaerobic PFOR and ferredoxins (24) . This 46-kDa NADH oxidase is the only aerobic enzyme so far described in Giardia and is a homologue of the enzyme found in anaerobic bacteria. This same enzyme is also found in the obligate anaerobic archaebacterium Methanococcus jannaschii, in which it is one of only two genes encoding aerobic functions (27) , the second being NADH:ubiquinone oxidoreductase, which is also likely to occur in Giardia. A gene for a third likely aerobic function has recently been described for M. jannaschii, neelaredoxin, a small non-heme blue iron protein which is part of an oxygen sensing pathway and has superoxide dismutase activity in Desulfovibrio gigas and other anaerobes (178) . In Giardia, PFOR is assisted by another 2-oxoacid oxidoreductase and by an arginine dihydrolase pathway to provide alternative sources of energy (22, 98, 196, 216) ; the gene encoding one of these eubacterial-like PFORs has been cloned (196) . The gene for acetyl coenzyme A (acetyl-CoA) synthetase has been cloned and is a member of a family of similar genes of limited taxonomic distribution (169) . A malate dehydrogenase gene representative of the eukaryotic cytosolic group has been cloned and is related to the same gene from T. vaginalis, leading to the suggestion that mitochondrial properties were lost in the common ancestor of both groups (165) ; an alternative and more parsimonious interpretation is that similar cell fusions generated the first eukaryotes and Giardia retained predominantly the anaerobic gene repertoire, while others pursued the aerobic, mitochondrial evolutionary route (220) . Final endproducts of fermentation in Giardia are CO 2 , acetate, alanine, and ethanol, which vary according to growth conditions (22, 50, 145) .
The conventional mechanisms of oxidative stress management, including superoxide dismutase (SOD), catalase, peroxidase, and glutathione cycling, are absent from Giardia. They are replaced by a broad-range prokaryotic thioredoxin reductase-like disulfide reductase and the low-molecular-weight thiols cysteine, thioglycolate, sulfite, and CoA, the NADH oxidase, and a membrane-associated NADH peroxidase (22) . Genome sequencing projects will probably yield information for other genes encoding functions which have not been assayed yet or have no assays, like the neelaredoxin of M. jannaschii. This information will complement the biochemical data, since the 30 to 50% novel genes found in each of the genomes so far studied suggest that functional studies will remain necessary to understand the diversity of biochemistry in most organisms. To draw an extreme analogy in an era of frenzied evolutionary hypothesizing, it is of note that M. jannaschii also appears to have a genome of variable ploidy (122) .
Giardia Drug Treatment and Resistance
Current Medical Diagnosis & Treatment 1999 (191) lists tinidazole, metronidazole, furazolidone, and quinacrine for treatment of giardiasis in the United States, with success rates of less than 90% (furazolidone less than 80%), followed by albendazole (along with paromomycin), with success rates of 10 to 95%, as a possible treatment. (136) (Fig. 1) .
Quinacrine was the first effective antigiardial (79) until it was supplanted by the nitroimidazole metronidazole (218) . Quinacrine is a substituted acridine and was introduced as an antimalarial in the mid-1930s. Quinacrine is not recommended in Australia because of its side effects, although it is still used in France and has been used effectively in cases of nitroimidazole failure (200) . Metronidazole has been regarded as the drug of choice, with the derivative tinidazole being an alternative (18) . Single-high-dose regimens and regimens lasting 3, 5, and 7 days with lower doses have variously been recommended (18, 191) . Clinical resistance prevalence levels as high as 20% have been reported (19, 59) , with recurrence rates as high as 90% (240) . Resistant organisms have been isolated from patients refractory to metronidazole and the nitrofuran furazolidone; there is a large range of susceptibility to these drugs, and the development of resistance has been demonstrated in patients (59, 208, 218 ; L. Favennec, personal communication). Crossresistance to tinidazole has been demonstrated with metronidazole-resistant Giardia strains (208, 218) (Fig. 2) .
Furazolidone was often recommended for children because of its availability as a suspension (18, 93) . Furazolidone-resistant Giardia strains developed in vitro adapted more readily to quinacrine resistance (200) . Furazolidone is not available in some countries, including Australia. Metronidazole, quinacrine, and furazolidone are not tolerated with alcohol because of a disulfiram-like reaction (93) . Tinidazole is not available in the United States.
Albendazole was first introduced in 1982 as an anthelmintic. The first published report of (successful) use of albendazole against Giardia was in 1986 (243, 244) , with other benzimadazoles also being tested prior to 1990 and having mixed success (18) . The first large-scale human study was in Bangladesh, where the average efficacy of albendazole was 62 to 95%, compared with 97% for metronidazole (77) . The higher levels of efficacy with albendazole require multiple doses. These figures are consistent with recent, smaller studies and reports of albendazole treatment failures (21, 99) . The single high doses of metronidazole or tinidazole are an advantage for compliance. Albendazole eventually may be accepted as an alternative to metronidazole, particularly in cases of metronidazole failure, if current levels of albendazole resistance or treatment failure do not increase further. Like metronidazole, resistance of Giardia to albendazole has been reported to occur readily in vitro (111, 206) . Albendazole resistance also developed more readily in a furazolidone-resistant strain, and therefore these strains are multidrug resistant (206, 218) . A giardiasis patient with parasites refractory to metronidazole and albendazole administered separately was successfully treated with these drugs administered together (unpublished data). Toxicity and side effects have been discussed at length (e.g., references (18 and 93) .
Other drugs have been used to treat giardiasis with lower levels of success (18, 166) . New 5-nitroimidazoles have been developed in anticipation of further deterioration in susceptibility of clinical cases to the few effective drugs available (201) .
Purified Giardia PFOR and ferredoxin have been shown to activate metronidazole in vitro (193, 194, 196, 218) . PFOR is downregulated up to fivefold in metronidazole-resistant Giardia. This is consistent with the reduction in activation of the drug to its nitroso and other radicals in anaerobes by lowredox-potential electron transfer reactions (196) . PFOR was not downregulated in furazolidone-resistant Giardia, and this strain was not affected by quinacrine. The next electron acceptor in the transport chain, ferredoxin I, is also downregulated about sevenfold, determined by in vitro assay in the same strain, but only twofold by Western blotting, suggesting that another component may be regulating the acceptor activity in the cytosolic extract (117, 218) . In Helicobacter pylori, PFOR appears to be downregulated by mutations in an NADPH nitroreductase which also render the bacterium metronidazole resistant (73) . Increased efflux of metronidazole is also involved in protecting the parasite (208, (215) (216) (217) (218) . PFOR is not totally downregulated, as in highly resistant T. vaginalis, probably because the enzyme is essential to the glycolytic pathway. In vivo assays suggested that PFOR is downregulated further than the assays executed on extracted enzyme (51, 52) , implying that a second level of enzyme control may also be acting in the resistant cells (196, 218) .
A second 2-oxoacid oxidoreductase supplants the reduced PFOR activity (196, 216) . This activity has different substrate requirements, principally 2-ketobutyrate, does not neccessarily donate electrons to ferredoxins, and appears to bypass the activation of metronidazole because of a higher redox potential (216) . Albendazole resistance was easier to induce in metronidazole-resistant Giardia (206) , producing a multidrug resistance phenotype. Although the cytoskeletal structure was changed in albendazole-resistant lines, the common mutation seen in other organisms resistant to albendazole in ␤-tubulin at amino acid position 200 was not observed, suggesting an alternative mechanism of resistance.
Furazolidone resistance has also been induced in Giardia (22, 195) , and NADH oxidase has been shown to activate it to its free radical state (22, 24) . These lines were also more easily induced to quinacrine resistance, generating a second type of multidrug resistance (200) . Although it has been suggested that the primary mode of action of quinacrine is DNA binding, the innate fluorescence of quinacrine was used to show that it does not target the nucleus of Giardia (200) . Sensitive cells showed cytoplasmic membrane fragility. It is actively excluded from 
ENTAMOEBA HISTOLYTICA
The trophozoite stage of E. histolytica was first described by Lösch in 1875, and the cyst form was first described by Quincke and Roos in 1893 (109, 123, 157) . The cysts survive in water and food and are the infective form upon ingestion. At neutral or slightly alkaline pH, the cysts turn into active metacystic trophozoites, which mature into trophozoites in the large intestine (123) . The cycle is completed by formation of cysts in the intestinal tract.
Approximately 500 million people are infected with E. histolytica at any one time (173) . About 10% of these have clinical symptoms, while in approximately 10% of these cases the parasite invades the intestinal mucosa. The WHO estimates that Entamoeba causes severe disease in 48 million people each year, killing 70,000 each year (229) , while other estimates place this figure closer to 100,000 (157, 173) . Recently, the differentiation of E. histolytica into two species, the nonpathogenic and noninvasive E. dispar and the pathogenic and invasive E. histolytica, originally proposed by Brumpt in 1925, has regained acceptance, based principally on isoenzyme typing (48, 157) but supported by gene sequencing data (143). This conclusion is also supported by ultrastructural and cytopathogenicity studies on two representative strains (55) . One interpretation of this new classification is that every individual infected with E. histolytica would suffer disease symptoms of dysentery involving invasion of the intestinal mucosa, while in up to 20% the parasite invades beyond the mucosa to other internal organs, including the liver and brain, assuming that half the infections are caused by E. histolytica, although this may be closer to one third in some areas (78) . If untreated, brain abscesses, and up to 20% of cases involving abscesses in other organs, are fatal. This classification appears to be a very reasonable working interpretation based upon the disease symptoms. If facets of pathogenicity are later found to be graded between the two species or other intermediate "species" are found, appropriate reinterpretation or subclassification may need to be considered, e.g., a high rate of occult infection with E. histolytica has recently been observed in Mexican children without dysentery, using analytical tools which reinstated the E. histolytica and E. dispar species (139) Earlier work also suggested a large range in the frequency of asymptomatic infections with E. histolytica, the mechanism of which remains unknown (157) . Similarly, an asymptomatic carrier in Italy appears to have infected five family members, one of whom died (67) .
Entamoeba Infection
The incubation period after ingestion of cysts can vary from days to months or even longer. Symptoms can range from acute amoebic colitis, which usually presents as frequent bloody stools over several weeks with fever, through profuse bloody diarrhea with fever, to amoeboma with dysentery, and finally invasion to other organs. This last stage has been equated with metastasis of colon tumors (106) . Progress towards a possible vaccine has recently been reviewed (183) .
Genes for cytoskeletal proteins, dominant antigens, multidrug resistance glycoproteins, adhesion molecules, including the Gal/GalNac lectin (157) , and lytic factors have been cloned (125) . An extracellular matrix binding protein gene encodes a multifunctional alcohol dehydrogenase and acetaldehyde dehydrogenase, homologous to the adhE gene of Escherichia coli (26) . Attempts at defining an electrophoretic karyotype have had mixed success (10, 11, 47, 148) , with the most recent data suggesting variation among isolates, polyploidy, and 31 to 35 chromosomes ranging from 0.3 to 2.2 Mb (231). rDNA appears to be on extrachromosomal circles (47) , but it has been proposed that rDNA is chromosomally located as well (11) .
Entamoeba Metabolism
Entamoeba's metabolism appears similar to that of Giardia and Trichomonas, that is, anaerobic, fermentative, and bacterial in nature, but lacking the hydrogenosome organelle of the latter organism (158) . However, Entamoeba has been described as a facultative aerobe in that it can grow in 5% oxygen (125) . This may be better described as aerotolerant or microaerotolerant, because we were unable to find any publication that demonstrated growth rate improvement aerobically. Oxygen and its breakdown products are toxic to Entamoeba (13, 70) , and at 5% atmospheric oxygen there is very little oxygen in the medium itself because it is reduced (13) . The parasite produces SOD, catalase, and peroxidase for detoxification (36, 187) . Many of the glycolytic enzymes are reversible (127, 158) and utilize the energy of the pyrophosphate bond, not ATP. To date, only one 2-oxoacid oxidoreductase, PFOR, has been detected in Entamoeba, and it is predominantly membrane bound (167, 189, 216 ϩ (catalyzed by putative ferredoxin:NAD oxidoreductase), regenerating intracellular pools of NAD(P)H and oxidized ferredoxin. In the process of ferredoxin reduction, acetyl-CoA is generated from pyruvate and reduced CoA (CoASH). Alternatively, ferredoxin has a sufficiently low redox potential to reduce (activate) metronidazole (R-NO 2 ) to its toxic nitroradical RNO 2 ⅐ via reduced (red) ferredoxin (194, 196) . NADH oxidase then serves as the terminal oxidase in the transfer of electrons to O 2 , producing H 2 O. NADH oxidase also has the potential to reduce furazolidone to its toxic nitro radical. Adapted from Giardia data in references 22 to 25. The PFOR reaction occurs in the hydrogenosome in T. vaginalis. There are likely to be other coupled reactions, including alternative oxidoreductases, ferredoxins, and flavodoxins (22, 25, 117, 194, 216) . 189 ). Unlike Giardia, Entamoeba produces SOD, and two different SOD activities have been detected (167) . Entamoeba lacks glutathione reductase activity and does not synthesize glutathione (57) . The major low-molecular-weight thiol is cysteine, although it has recently been shown that Entamoeba can take up glutathione from the medium and convert it to bisglutathionyl-spermidine (trypanothione) (142), a thiol derivative first found in trypanosomes (58) . Novel cysteine synthase genes have been cloned from Entamoeba (140) . An Entamoeba organelle of unknown function to which the chaperonin Hsp60 homes has recently been described (121, 192) ; whether this represents a degenerate mitochondrion, a novel organelle derived from an alternative symbiosis, or the product of an early fusion(s) to generate eukaryotes remains to be determined. An example that multiple symbioses and/or fusions can be considered is the weevil Sitophilus oryzae, which has three intracellular organelle genomes, mitochondrial, the ␥3-proteobacterial S. oryzae principal endosymbiont, and the ␣-proteobacterial Wolbachia genome (80) . Such symbioses appear to be quite common in biology, even among bacteria (41) .
Entamoeba Drug Treatment and Resistance
Emetine was first demonstrated to be an effective amoebicide in 1912 (97) . A miscellany of drugs in addition to emetine have since been reported to be effective to various degrees. Metronidazole has become the drug of choice following recognition of its amoebicidal properties in the mid-1960s.
Emetine (or dehydroemetine) hydrochloride is a potent tissue amoebicide. Although it continues to be a life-saving drug in appropriate situations, this drug does have serious side effects (97) . The drug is slowly excreted into the gut and urine, allowing high concentrations to build up in the liver, heart, and other viscera. To illustrate, emetine may be detectable in urine 40 days after the termination of treatment. Emetine is administered by daily intramuscular or deep subcutaneous injections for a maximum of 10 days, with local pain and tenderness at the sites of injection being common. If given orally, the drug usually causes vomiting, and very little is absorbed. Given intravenously, it is dangerously cardiotoxic (97) .
There is evidence that multidrug resistance transporters may be involved in emetine and colchicine accumulation in a drugresistant selected line, because uptake was lower in the resistant line and verapamil increased drug accumulation to that seen in the parental line (9, 20) . Six P-glycoprotein-like genes have been cloned: four are expressed in a drug-resistant line, and there is differential expression (72) .
The synthetic 5-nitroimidazole metronidazole, on the other hand, is remarkably safe in comparison to emetine and is now the recommended drug for the treatment of amoebiasis. It is also effective against a wide range of anaerobic bacteria (64) because of similar low-redox-activating enzymes. Oral doses of metronidazole are readily absorbed and can be found in most body fluids with few side effects. It is now so widely used both therapeutically and prophylactically for numerous major and minor ailments that exposure of Entamoeba to this drug worldwide is guaranteed. Inappropriate short-term exposure and exposure to sublethal levels of metronidazole are normally prescribed for prophylaxis and are precisely the conditions under which drug resistance is induced (208) .
Indeed, using stepwise incremental increases in drug dose, we have induced metronidazole resistance in two axenic lines of E. histolytica (167) . Parasites of strains HM-I:IMSS (isolated from a rectal ulcer from an adult male in Mexico City in 1967) and HTH-56:MUTM (established in culture from an amoebic abscess from an adult in Bangkok in 1992) currently grow in our laboratory in 10 M metronidazole, a concentration of drug which is normally lethal to parasites in vitro (68) . A minimum lethal dose for this strain has been reported as 11.6 M over 72 h, and a 50% inhibitory dose of 29.7 M has been reported, while the reported susceptibility of the HK-9 strain ranges from a 50% effective dose of 2 M to a lethal dose of 11.6 M over 100 h (167) . Expression of the iron-containing SOD was increased three-to five-fold in metronidazole-resistant parasites, and a second SOD activity disappeared (167) . Unlike in Giardia and Trichomonas, PFOR activity did not decrease significantly. The work with the iron-containing SOD has been confirmed at the gene expression level by Wassmann et al. (227) , with parasites resistant to 40 M metronidazole; peroxiredoxin expression was also increased, and ferredoxin 1 expression was decreased.
Unique in that it is effective both in the bowel lumen and in tissues, metronidazole has been reported to eradicate only up to 50% of luminal infections (191) . This statement has support from a study of 36 patients with amoebic liver abscess for whom the hepatic lesions were cleared; but 20 were recolonized in the intestine, 16 asymptomatically. This was ascribed to the pharmacokinetics of metronidazole cycling in the liver and the action of metronidazole against trophozoites but not invariable eradication of cysts, creating E. histolytica carrier states (90, 93) . These figures are considerably higher than generally published, although no single treatment has claims of 100% efficacy; 90% success after 5 to 10 days of metronidazole treatment is regarded as adequate by some workers. Alternatively, other workers have regarded that this level of efficacy suggests resistance and the need for multiple drug treatment (157) . Because the organism is difficult to culture axenically from patients, there are insufficient reliable data regarding resistance levels, although a recent study indicates decreased susceptibility in clinical isolates from Chandigarh (R. Sehgal, unpublished data). Therefore, current recommendations suggest the use of metronidazole or tinidazole plus the luminal amoebicide diloxanide furoate or iodoquinol, with other combinations (including paromomycin, tetracycline, and chloroquine) depending on the severity of the infection and site, i.e., whether it is intraluminal, invasive, or abscessed (157, 191) . Iodoquinol and diloxanide furoate have unknown mechanisms of action (93) . Like diloxanide furoate, paromomycin is poorly absorbed. There are no reports of the very high levels of resistance to metronidazole found in Trichomonas or Giardia.
Similar to the interpretation of pathogenic versus nonpathogenic strains or species of Entamoeba, coupled with treatment failure due to resistance, there is disagreement over which cases should receive treatment. Clearly, anyone with serious disease requires adequate treatment with the available drugs. It has been strongly argued that metronidazole should not be used prophylactically to preserve the usefulness and potency of the drug (76, 208, 218) . Sargeaunt (170) is quite adamant that only E. histolytica is pathogenic, obviating the need to treat E. dispar carriers, while Diamond and Clark (48) caution against witholding treatment from asymptomatic individuals because E. histolytica has been found in these carriers. Burchard (28) advises treatment of E. histolytica only, but that all cyst passers be treated in the absence of differentiation. Results of a treatment and placebo trial in Mexico were interpreted to mean that money spent treating carriers in this country could be better spent on treating cases of amoebic disease (66) . All these opinions appear to be correct in their context, in the absence of adequate funds and new, effective antiprotozoal drugs, and in lieu of eradication.
TRICHOMONAS VAGINALIS
Trichomoniasis is a common, sexually transmitted disease caused by the flagellated protozoan parasite T. vaginalis (160) . T. vaginalis was first described by Donné in 1836 (147) . The trophozoites have four free anterior flagella (one along the outer edge of an undulating membrane) and one recurrent; there is no known cyst form. Trophozoites divide by binary fission (30) . The most frequent form of nonvenereal infection is perinatal.
The WHO has estimated that 180 million infections are acquired annually worldwide. The estimates for North America alone are between 5 and 8 million new infections each year, with an estimated rate of asymptomatic cases as high as 50% (87, 147) . T. vaginalis has been isolated from 14 to 60% of male partners of infected women and 67 to 100% of partners of infected men. Up to 58% of young men at risk for sexually transmitted diseases are reported to have been infected (172) . In Nigeria, 37% of female students at a higher education institute were recently reported to have trichomoniasis (7), which is comparable to the data from an American study (172) . Institutional crowding in itself is insufficient for transmission (96) . In rural South Africa, 65% of pregnant women attending an antenatal class were reported to have trichomoniasis in 1981 (88, 171) and 49% in 1989 (141) . In another more recent South African rural survey, this figure was 41% (230) . Among Australian aboriginals from whom genital swab samples had been taken, 17% were positive for trichomonads, while the rate was less than 1% for nonaboriginals (225) . The prevalence of trichomoniasis in women attending a sexually transmitted diseases clinic in Ulaanbaatar, Mongolia, was 67% in 1998 (175) . Thirty-three percent of men at a sexually transmitted disease and dermatology clinic in Malawi were T. vaginalis positive, of whom 20.8% were symptomatic and had a sixfold increase in human immunodeficiency virus (HIV) concentration in their semen (83, 87) . These data emphasize earlier suggestions of the association between HIV/AIDS and trichomoniasis (4, 56, 128, 181) .
Trichomonal infection in women ranges from an asymptomatic carrier state to profound, acute, inflammatory disease (160). The parasite principally infects the squamous epithelium of the genital tract but can be recovered from the urethra and has been found in the fallopian tubes and the pelvis (74, 147) . In males, T. vaginalis causes urethritis and prostatitis (100). Pneumonia, bronchitis, and oral lesions have also been well documented. Respiratory infections are acquired perinatally from infected mothers (86) . In children, trichomonads can infect the urinary tract as well as the vagina. T. vaginalis infections have been linked to sterility problems, but there are no unequivocal data, and to adverse pregnancy outcomes (4) . On the other hand, Trichomonas foetus in cattle causes infertility, resulting in considerable economic loss (40, 84) . Recent, prospective epidemiological studies have shown that among 14,000 women examined in university-affiliated hospitals in the United States, T. vaginalis infection is associated with low birth weight and preterm delivery (40%) (42, 171) . These in turn are closely associated with high mortality, particularly in the black minorities. T. vaginalis infection also predisposes carriers to HIV/AIDS (4, 128, 181) , and a study of 19,000 women in Finland has recently indicated a high relative risk of cervical cancer with Trichomonas infection (223) .
T. vaginalis uses lectin-like adhesins to attach to the epithelial mucin, proteases to degrade the mucin, and flagellar motility to colonize the underlying epithelial cells (53, 104) . A number of adhesin genes have been cloned and appear to encode adapted metabolic enzymes. Early studies indicated considerable morphological variety among T. vaginalis isolates (85) . This variety was supported in limited studies of protease diversity (137), a 270-kDa surface protein that varies phenotypically (3), and monoclonal antibodies to surface antigens (61), but does not appear to have been pursued in any further detail.
The karyotype of T. vaginalis has been described as haploid, with six chromosomes (49) , and diploid, with 12 chromosomes (238). Although high-molecular-weight DNA has been extracted and genes have been cloned, no consistent electrophoretic karyotype has been described because of apparent DNA degradation during lysis block preparation, unusual chromosome topology, or large size preventing migration into the agarose.
Trichomonas Metabolism
T. vaginalis lacks mitochondria and other characteristics of higher eukaryotic respiratory metabolism such as cytochromes and oxidative phosphorylation (51, 52) . Nutrients are taken up by transport through the cell membrane and by phagocytosis. Energy requirements are provided by glycolysis of glucose to glycerol and succinate in the cytoplasm, followed by further conversion of pyruvate and malate to hydrogen and acetate in an organelle called the hydrogenosome (132, 133) . Lactate dehydrogenase is present; the gene has been cloned and is derived from the gene for malate dehydrogenase (234) . The hydrogenosome contains electron transport components linked to PFOR, hydrogenase, and an undefined oxidase (terminal?). Hydrogenosomes also store calcium (89) . The hydrogenosome may be a degenerate mitochondrion (15, 132, 133) , an organelle derived from a symbiosis with a bacterium related to those that generated mitochondria (95, 124, 130) , or a relic of early fusions between groups such as the archaebacteria and eubacteria (75) that generated the earliest eukaryotes (220) . Sequencing of the genome of the ␣-proteobacterial, intracellular parasite Rickettsia prowazekii, phylogenetically closely related to the originator of the mitochondrion, casts doubt on the first two possibilities, since its reduced genome does not contain the anaerobic pathways found in hydrogenosomes (134) . This leaves the origin of the hydrogenosome different from that of the mitochondrion, via another type of genome reduction not found in Rickettsia today, or as a product of multiple, transitory, or ephemeral symbioses being tested in the early fusions that generated the first eukaryotes (220) . Mycoplasma hominis has been reported to be a common parasite of T. vaginalis also (152) . Although this interpretation has been challenged (188) , there appears to be a strong association of these two organisms (153) , which suggests that symbioses may have been common in the evolution of Trichomonas.
Although Trichomonas is regarded as an anaerobe, there is a report that growth rates increase at levels of oxygen that are barely detectable by mass spectrometry (146) . These levels of oxygen (0.025% atmospheric oxygen) are in the range that E. coli, for example, has switched from aerobic, through scavenging, terminal cytochrome oxidases, finally to anaerobic metabolism (197) . It is unclear why an organism with such exquisite sensitivity to increased growth rates at such low oxygen concentrations has not exploited the concomitant potentially large increase in ATP production demonstrated in the other aerobes. On the other hand, growth response appears to be far more sensitive to CO 2 concentration (146), which suggests that metabolic pathways are present that have not been defined as yet; extremely low O 2 utilization may reflect coupled scavenging or protection pathways that are not revealed in the culture conditions currently employed. A more recent paper suggests that oxygen is converted into hydrogen peroxide via a cytosolic NADPH oxidase (35) . There is no evidence for O 2 utilization in Giardia, although O 2 has been shown to be consumed (110, 229) . Alternatively, it has been shown that O 2 can be converted directly to H 2 O by NADH oxidase to protect the key anaerobic enzymes in the glycolytic pathway, PFOR and ferredoxin, for example (22, 24) . These components have been purified and their activity has been demonstrated in vitro (194, 196) . It is of interest that the strict archaebacterial anaerobe M. jannaschii has only two aerobic enzyme genes encoded in its genome (27) , one of which is NADH oxidase, which is closely related to the giardial enzyme (196) . Purification of the appropriate metabolic enzymes from Trichomonas may resolve our understanding of the possible roles of O 2 in its metabolism and in metronidazole resistance (see below).
Trichomonas Drug Treatment and Resistance
Although T. vaginalis was discovered in 1836 and has been known to cause vaginitis since 1916, it was not until 1957 that an effective cure, metronidazole, was discovered. Drug resistance was first reported soon after in 1962 (118), although metronidazole is still the drug of choice (94, 177) . Cross-resistance between different nitroimidazoles has been reported (135) and is consistent with earlier studies (126, 135) . Metronidazole-resistant isolates were sensitive to the nitrofuran furazolidone (135) , consistent with these drugs not being crossresistant in multidrug-resistant Giardia. A metronidazole-resistant clinical isolate has been described which shows only partial cross-resistance to tinidazole (224) .
There has been reluctance to utilize metronidazole for trichomoniasis in pregnant women, particularly in the United States, because of weakly mutagenic effects in bacteria and carcinogenic effects detected in rodents (43, 44, 171, 180) . However, no teratogenic effects have been detected during the long use of metronidazole in humans, and there is an easing of this stand because of the association of trichomoniasis with preterm deliveries, low birth weight, and increased infant mortality (42, 171) and predisposition to HIV/AIDS (4, 128, 181) . It is now regarded as acceptable to use metronidazole, particularly in the last two trimesters of birth, to treat trichomoniasis, and possibly in the first trimester if warranted (31, 42, 43, 44, 149, 171, 174, 177) .
Aerobic versus Anaerobic Drug Resistance
Although there is circumstantial evidence for changes in the structure of the hydrogenosome in drug-resistant T. vaginalis, it is unclear whether they are primary events or secondary to the advent of resistance (94) . Earlier work suggested that the hydrogenosome could be lost in drug-resistant cells, but recent data have shown that the organelle remains in a modified form (J. Kulda, unpublished data). There is, however, evidence for changes in upstream regulatory regions of the ferredoxin gene in four drug-resistant strains (151) . Intracellular levels of the ferredoxin protein and its mRNA were reduced by approximately 50%; whether this is adequate to confer resistance is not known. A Czechoslovakian study in 1988 showed a decrease in PFOR and hydrogenase activity, but it is unknown whether these are primary or pleiotropic events (33, 34) . Very few new data have appeared since (52) . In principle, both PFOR and hydrogenase could activate the 5-nitroimidazoles via a ferredoxin or perhaps flavodoxin intermediate.
It has been proposed that clinical cases of drug-resistant T. vaginalis occur as aerobic resistance because O 2 is required in some way to detoxify metronidazole (33, 34, 52); resistance has been accounted for as a decreased affinity for O 2 by the respiratory system. Results of electron spin resonance spectrometry (235) suggested that one metronidazole-resistant isolate was deficient in O 2 scavenging. Further work with membrane inlet mass spectrometry indicated a diminished affinity for O 2 by a hydrogenosome-containing fraction. However, the most recent data (52) indicate that hydrogenase activity is lowered in two clinically resistant isolates, which is a phenomenon (along with decreased PFOR activity) previously attributed to anaerobic resistance (33, 34, 94) . Furthermore, the proposed decrease in oxidase activity is inconsistent in these isolates and the decrease in H 2 production is also inconsistent with earlier work (33, 34) . Yarlett et al. (235) suggested that decreased oxidase activity associated with the hydrogenosome could be responsible for a possibly higher O 2 concentration inside the hydrogenosome; the O 2 could then cycle with the reduced free-radical forms of the nitroimidazoles, decreasing their effective concentration. In the most recent work by the same group (52) , in which the changes in oxidase levels are modest compared with the hydrogenases, one of the methods for the purification of the NADH and NADPH oxidases also included the much more abundant cytoplasmic oxidases (113) that apparently are not correlated with resistance (33, 34) . It is therefore unclear at this stage whether a discrete hydrogenosome-specific oxidase activity is involved with drug resistance. The mechanisms proposed for drug resistance in general need clarification with standardized techniques and common strains.
As resistance levels increase in parasites that have been selected for resistance by increasing the levels of metronidazole that they will tolerate, there is a progressive decrease in PFOR (101) . Ferredoxin levels, hydrogenosomal malic enzyme, and NAD: ferredoxin oxidoreductase also decrease.
T. vaginalis enhances lactate fermentation and glycolysis to compensate. Highly resistant lines have no detectable PFOR activity, PFOR mRNA, or ferredoxin mRNA (25; unpublished data). Alternate 2-oxoacid oxidoreductases have now been described which increase in activity during stepwise selection for increase in drug resistance (25, 216) . As in Giardia, these alternative oxidoreductases have different substrate requirements, do not necessarily donate electrons to ferredoxin, and appear not to activate metronidazole, thereby circumventing the downregulated PFOR to provide alternative sources of energy. The arginine dihydrolase pathway also provides a source of energy for the parasite (114, 236) .
It has been proposed that aerobic drug resistance occurs in infected patients and that the more highly anaerobic resistance can only be generated in the laboratory (101) . However, the first proven drug-resistant Australian isolate was highly resistant to metronidazole when also tested anaerobically; therefore, anaerobic resistance can clearly develop in Trichomonas infections of humans (224; unpublished data). This is cause for concern, since it has been regarded that anaerobic resistance is unlikely to develop in naturally infected hosts because of the multiple steps that have so far been required to generate anaerobic resistance in the laboratory (101) . Two strains have been isolated that are resistant under anaerobic conditions but do not grow aerobically (unpublished data). This is in contrast to previous data which suggest that there is a stepwise progression from aerobic to anaerobic resistance (101) and imply that there is more than one route to resistance. The earlier conflicting data may also be explained by such differences in strains and the differential regulation of metabolic pathways involved in resistance mechanisms.
Although reports of drug-resistant Trichomonas have appeared regularly since the phenomenon was first documented in 1962 (118), the occurrences have not increased to epidemic proportions. It has been assumed that resistance may debilitate the parasite and impede its transfer among sexually active partners, leaving the resistance a problem for the carrier alone. Treatment failure is not uncommon (118, 147, 159, 177, 191) . In two clinics in the United States (Philadelphia and Detroit), the number of highly resistant cases has been reported as 1 per 2,000 to 3,000 trichomoniasis cases treated prior to 1996 (180) . However, this number has increased to 17 in 1997 and 1998, with a clear upward trend, and some cases appear incurable (180) . If Lossick's (118) frequency of refractory cases resistant to the highest recommended doses of metronidazole is applied to the 1999 data, 5 to 10% of trichomoniasis isolates now show some level of resistance, e.g., need more than one series of treatments. This is consistent with Centers for Disease Control and Prevention data of 1989 (147) . Whether continued drug selection has now allowed increased transmission, more resistant organisms, or the emergence of a more serious sexually transmitted disease problem remains to be monitored.
CLINICAL AND LABORATORY-GENERATED DRUG-RESISTANT ISOLATES
Laboratory-based studies which have developed systems for inducing drug resistance complement analysis of clinical isolates of T. vaginalis, G. duodenalis, and E. histolytica (218) .
Stepwise incremental increases in drug resistance induced by a variety of drug regimens, including increases in drug concentration at sublethal levels or short multiple exposures to lethal levels, that are administered with and without mutagens, have provided considerable information about the ability of parasites to mount a resistance defense and the mechanisms involved (22, 24, 25, 33, 34, 101, 193, 194, 195, 196, 200, 201, 206, 208, 216, 217, 218) . With no examples of horizontal, transposon, or plasmid transfer of drug resistance in the anaerobic protozoa, this has been a valid and extremely useful approach to determine mechanisms of resistance. However, a doublestranded RNA virus in Giardia (237) and Trichomonas (3, 186) and the mini-circular plasmid form of a transposable element in Giardia (215) suggest the possibility of transfer. Perhaps the only drawback is the lack of host-parasite interaction in the development of resistance; in many instances, however, any interaction in the maintenance or modulation of resistance could be ascertained later with in vivo studies. Furthermore, mechanisms uncovered in the laboratory can then be readily analyzed for their appearance in clinical isolates; intermediate stages of resistance can be compared for their likelihood to progress to much higher levels. The great advantage of in vitro studies is that the parental, sensitive parasites and the selected, resistant parasites are genetically syngeneic, so that resistance is developed in the same genetic background, and hence confounding or alternate mechanisms do not complicate mechanistic interpretations, a situation which has arisen with malaria, for example (62, 156) . A second advantage for in vitro studies with the anaerobic protozoa addressed here is that they have no known sexual stages, so that multifactorial or polygenic resistance traits must arise in the same parasite and can be monitored over time and incremental increases in drug concentration. A third advantage is the ability to determine the resistance capabilities of the parasite before they arise as an epidemiological or public health problem at large; prior knowledge and predictive values of resistance capabilities and mechanisms for malaria, for example, may have alleviated and forestalled the major, and currently insurmountable, resistance problems that there are today (17, 138) .
There is only one example of the inability to develop resistance in vitro to an antiparasitic drug, that being development of chloroquine resistance in Plasmodium falciparum malaria in two regions, Thailand and South America. Resistance to chloroquine was subsequently transferred or transmitted worldwide (184) . Laboratory-induced resistance has not been demonstrated convincingly as yet, although it was readily achieved for Plasmodium berghei (150) ; this is more likely due to a difficulty in screening sufficient numbers of parasites than an inability to induce resistance. A bacterial example of the inability to develop resistance is Bacteroides fragilis, which is regarded as a "gold standard" for anaerobic bacterial resistance to metronidazole. Less than 1% resistance has been detected in clinical isolates, and these are not at high drug concentrations (155) ; it is therefore assumed that resistance to metronidazole in anaerobes is difficult to find or achieve (155) . This is clearly not the case for anaerobic protozoa. For example, metronidazole resistance in Trichomonas was detected within 1 year of initial drug release. Although resistance may presently be a major problem for the individual harboring such organisms, epidemics of resistant organisms have not been demonstrated so far. Nor is it true for all anaerobic bacteria, e.g., Helicobacter pylori isolates from some parts of the world show high incidences of metronidazole resistance (12) .
Such arguments also highlight the history of chloroquine usage and the past lack of resistant P. falciparum, for example, but do not reflect the relentless development of resistance to antimicrobials in microorganisms, including Plasmodium (156) . Although the onset of resistance to multiple drugs in Plasmodium has been attributed to sorting of genes conferring different aspects of resistance, alternative interpretations have been proposed; comparing the diversity in different genes, Rich et al. (162) suggest that current isolates examined worldwide may be derived from a very recent (thousands of years) single, clonal propagation and that sexual exchange plays a much less important role than mitotic exchange in generation of diversity. Therefore, even in sexual protozoa, drug resistance may have propagated in a manner similar to that in asexual organisms. This is also consistent with the spread of resistance to chloroquine from two regions (184) . Selection under continuous drug pressure also appears to have generated traits (accelerated resistance to multiple drugs) in Plasmodium that increase the innate ability to initiate rapid and high resistance to novel compounds that is not the result of sexual gene assortment (156) .
Recently, multiple, simultaneous resistance of B. fragilis to metronidazole, coamoxiclav, and imipinem was described for a patient after surgical procedures (198) . Resistance to metronidazole in a series of hospital isolates has been attributed to novel transferable genes (nimA to nimD) (161) that encode or regulate a metronidazole oxidoreductase (32) . nim genes have been found in other B. fragilis isolates as well as other anaerobes (119) . Whether this is the beginning of an increase in resistance mechanisms, as has been observed in malaria for a number of other drugs (156) , is of great significance. An example of metroninidazole resistance being clearly on the increase is Helicobacter pylori; isolates from countries in which metronidazole can be easily obtained without prescription commonly develop resistance through secondary selection in the gut (12) .
Comparison of Giardia isolates has shown a range of susceptibilities to metronidazole and furazolidone (208) . However, the relevance of point mutations in drug resistance among these isolates is difficult to determine because of considerable genetic diversity; there is up to 30% divergence in the sequence of some genes encoding housekeeping enzymes, and up to 50% for intergenic spacers containing regulatory elements (37, 38, 185, 203, 220, 221) . The range of variation in enzymatic activity (unpublished data) also makes interpretation of their role in resistance more difficult. This is further complicated by the presence of mixed genotypes in human infections and differential selection during in vitro culture (207) . Major changes, such as chromosomal deletion and complete loss of function, e.g., the elimination of hydrogenosomal enzymes in Trichomonas, render correlations much more significant and simplify interpretation. Isogenic strains are therefore essential to follow induced changes and the development of high levels of resistance (218) when there is high genetic diversity. Stepwise induction of resistance in vitro has led to the unusual situation in which strains are more resistant than those so far detected in the wild (101, 218) . We are therefore warned in advance of the parasite's resistance capabilities in a number of ways, including resistance mechanisms at the molecular level, common or coordinately regulated pathways of drug activation and drug resistance, the number of enzymatic steps involved, and multiple drug resistance. Knowledge of these resistance mechanisms is complemented by development of ways of circumventing these events, identification of new targets, and development of new drugs (Upcroft et al., unpublished data), and delivery systems which will overcome or bypass them. If novel parasite resistance mechanisms arise in the host, a considerable background knowledge has therefore been generated to determine at which level in the organism this may occur and the relationship to known mechanisms. A framework for a rational approach to drug design and therapy can be envisioned (208, 209, 218; unpublished data) .
In a bacterial comparison, the importance of using isogenic strains for analyzing drug resistance and virulence in Mycobacterium tuberculosis, another organism which appears not to use plasmid-mediated transfer of resistance determinants, has been emphasized recently (241, 242) . Isogenic strains are being used in combination with the natural variation in drug susceptibilities of different Mycobacterium species and gene transfer studies to unravel the range of mechanisms now evident in sensitivity and resistance, as well as the participation of subtle pleiotropic enzymatic pathways which augment high levels of resistance (242) . The genome sequence of two different strains will also aid in analyzing loss-of-function and recessive mutations involved in the development of resistance (46, 241) .
EPIDEMIOLOGY OF RESISTANCE
Although our understanding of drug resistance in even one bacterium is still incomplete, significant detail about mechanisms such as penicillin resistance and drug transporters at the molecular level has allowed new approaches to be instigated. One of these is the epidemiology and population dynamics of resistance extending beyond the enumeration or prevalence of resistant organisms, which may allow predictive outcomes for the optimized use of current drugs and introduction of new drugs (107, 108) . Our intuitive expectation of drug use and subsequent resistance development may not parallel the real capabilities of an organism, e.g., the long-held supposition that the development of resistance is always a burden for the organism and that removal of drug pressure will allow return of sensitive organisms by natural selection is clearly not universally correct (5, 105, 115, 116) . In one study of Salmonella strains resistant to three antibiotics and thus rendered avirulent, compensatory mutations to virulence occurred more frequently than backmutations to drug sensitivity (16) . Similarly, modeling and subsequent experimental testing can provide unexpected outcomes for development of resistance and multidrug resistance that may change the way drugs are rotated in hospital use to prevent the acquisition of resistance and the spread of these strains in the community (8, 14, 69, 107, 108) . Such studies are in their infancy for the anaerobic protozoa, but every study of resistant organisms and the mechanisms and spread of resistance adds information to a more complete understanding of the capabilities of these organisms and the dynamics of the host-parasite relationship.
Direct comparison of the anaerobic protozoa with bacteria has been very valuable, particularly in defining the fundamen-tal metabolic pathways and enzymes involved in activation of drugs and subsequent resistance. This has placed them in an evolutionary position that differs from the aerobic eukaryotes, which has been argued above as being early diverging and distinct from those organisms that now have mitochondria. There are also considerable differences, e.g., detoxification pathways in which SOD, catalase, and peroxidase may be present or absent and unusual organelles in Trichomonas and Entamoeba. The work with Giardia and Entamoeba also highlights that each of the protozoa subsequently regulates its essential metabolism, glycolysis, idiosyncratically under drug pressure, e.g., whether PFOR (and ferredoxin) is downregulated and to what extent. As we determine the more subtle aspects of the coupled pathways and differences in bypass and supplementary metabolic systems, such as alternative oxidoreductases, the varieties of ferredoxins and flavodoxins, and detoxification systems, the extent of the diversity in these anaerobes will become even more discernable. Initially grouping them together has been a valuable exercise, but determining these differences will probably add even more to our understanding of the few anaerobic protozoa that have been examined in any real detail. This process will also evoke novel drug targets and drugs for improved control, a challenge for the future.
